AD-

0 595
\\\\\\ \\\\\\\\\\\\\\\\ {0 \\\\\“

Lo 3
g,
0

TECHNICAL REPORT BRL-TR-3342 -~ . _

A COUPLED POWER-PLASMA MODEL
AND APPLICATION TO
ELECTROTHERMAL-CHEMICAL GUNS

P. K. TRAN
G. P. WREN

MAY 1992

APPROVED FOR PUBLIC RELEASH; DISTRIBUTION IS UNLIMITED.

U.S. ARMY LABORATORY COMMAND

SALLIGTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

A Cu
{\\4“‘

(



NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information Service,
U.S, Depz-tment of Commerce, 5285 Port Royal Road, Springfield, VA 22161,

The findings of this report are not to be construed as an official Department of the Army position,
unless so designated by other authorized documents.

The use of trade names ¢r marnufzcturers’ names in this report does not constitute indorsement
of any commercial product. ?

3



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

gathenng and maintaining the data and re
tlons for fedudng this burden to Washington Headquarters Services, Directorate

Davis Highway, Suite 1204, A.dington,
T T S T —
1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE
May 1992

Public reporting burden for this collection of information 15 estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
ded, and q the collection of information. Send comments re?arqu this burden estimate or any other aspect of this
or Information Operations and Reports, 1215 jetferson

coliection of information, including sques
VA 222024302, and to the Office of Management and Sudget, Paperwork Reduction Project (0704-0188), Washington, 0C 20503.

3. REPORT TYPE AND DATES COVERED
Final, Jan 91-Dec 91

4. TITLE AND SUBTITLE
. A Coupled Power-Plasma Model and Application to Electrothermal-Chemical

Guns

[[6."AUTHOR(S)
P, K. Tran and G. P, Wren

S. FUNDING NUMBERS

PR: 1F229W9XDGS3
DA311880

7, PERFORMING ORGANIZATION NAME!S; AND ADDR!SS!E;;

8. PERFORMING ORGANIZATION |

REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Ballistic Research Laboratory
ATTIN: SLCBR-DD-T
Aberdeen Proving Ground, MD 21005-5066

10, SPONSORING / MONITORING

AGENCY REPORT NUMZER

BRL-TR-3342

g A
11. SUPPLEMENTARY NOTES

[122. OISTRIBUTION/ AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited

120, DISTRISUTION CODE ‘

e —————— e
13. ABSTRACT (Maximum 200 words)

propesties on the PFN and plasma components.

A coupled power-plasma cartridge model of the electrothermal-chemical gun has been developed to investigate
the dependence of plasma properties on the pulse-forming netwoek (PFN) and on geometric variations. The model
is validated against experimental data and parametrically varied to suggest the functional dependence of the plasma

T ————————
14, SUBJECT TERMS

electrothermal-chemical gun, propulsion systems, interior ballistics, plasma properties

15. NUMBER OF PAGES
33

16. PRICE CODE

NSN 7540-01-280-5500

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION [20. LIMITATION OF ABSTRACT
OF REPORY OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
Standard Form 298 (Rev. 2-89)

Prescnibed by ANSI St 239.18
298-102



INTENTIONALLY LEFT BLANK.

ii



TABLE OF CONTENTS

Page
LISTOFFIGURES ... .. iiiiiiiiiiinnirrioetnsnransssnssessonnnns v
LISTOFTABLES .........civvvvnnens Ceettecest ettt vesanee v
ACKNOWLEDGMENT ......00ovivinnnnnnss e ettt inan s vii
1. INTRODUCTION .ttt i tnrersoananssansossasosonasssnsns 1
2. PFN MODEL DESCRIPTION .. .....vivvennnnn e e S
3. MODEL VALIDATION .......civivnienenan Ch e ierrees e ase e 9
4, PARAMETRIC VARIATION ... iivttiinininenrnnntasansorssnsononss 10
5. CONCLUSIONS .ttt ittt tttentisenntsianosnnsosnsnassonans 12
6. REFERENCES ... ittt ittt ittt it ieisitanes s inanaesaesns 17
DISTRIBUTION i ittt it itissinssnnssssssssssnnsansans 19
Accession For Y
NTIS GRA&I &
DTIC TAB 0
Unannounced g
Justification e
By
Distribution/

Availabil .ty Codes
Avail and/or
Diat Spocial

i I

i 92-13829 (%
99 5 26 Nad l\ll‘\HI'lll\lllllllllllli‘lhlll\l\\lll‘ ’



INTENTIONALLY LEFT BLANK.



LIST OF FIGURES

Figure Page
1.  AnElectrothermal-Chemical (ETC) GUN ... v v vvi v vnvvtnnensernonnsanans 2
2. Power Historics From Ten 30-mm Repeatability Shots . .........cvvvvvninnn, 3
3. Electrical Energy Histories From Ten 30-mm Repeatability Shots .............. 4
4,  The BRL Five-Module, Pulse-Forming Network (135 kJ at 10 KV) for the

0 K 11 6

5. Current vs. Time With Constant Load (Data Set #1) . . . ... cvvvvvverineevne s 11
6.  Current vs. Time With Plasma Load (Data Set#3) ............ et 11
7. Plasma Resistance at Max Current as a Function of Parametric Validation ........ 14
8.  Maximum Plasma Current as a Function of Parametric Variation .............. . 14
9.  Plasma Dissipated Energy as a Function of Parametric Vardation ............... 15
10.  Plasma Mass Exit as a Function of Parametric Variation . .............oo0vven 15
11.  Breech Pressure as a Function of Parametric Variation . .............co0o0vvnen 16

LIST OF TABLES

Table Page

1. Comparison With Experiment for Constant Load .........co0vivnneeneennns 9

2 Comparison With Experiment forPlasmaLoad ...........covvvviininnnsn 10



INTENTIONALLY LEFT BLANK,

vi



ACKNOWLEDGMENT

The authors would like to thank J. Powell, T. Coffee, CPT K. Nekula, H. Burden, G. Katulka, and
S. Richardson, U.S. Army Ballistic Research Laboratory, for their assistance and helpful suggestions at
various stages of this project. The authors would also like to acknowledge the reviewers of the final
manuscript, J. Powell and CPT K. Nekula.

vii



INTENTIONALLY LEFT BLANK.

viii



1. INTRODUCTION

The electrothermal-chemical (ETC) gun, generically shown in Figure 1, is a propulsion concept which
utilizes a low mass, high energy plasma to initiate and, potentially augment and control the
combustion/vaporization of the propellant (working fluid) during the ballistic cycle. The propulsion
system has five major components: (1) the power supply; (2) the pulse-forming network (PFN) and
switches; (3) the plasma generator; (4) the combustion chamber; and (5) the tube and projectile, Control
of the interor ballistic (IB) process in terms of gas generation rate is theoretically accomplished by
tailoring the delivery of electrical energy to the propellant in the combustion chamber in a manner to
control combustion or vaporization of the propellant. Although the propellant may be liquid, gelled, or
solid, the function of the plasma remains that of the initiator and controller.

In some design implementations, the piasma is formed in a plasma capillary (see Figure 1). In the
rear capillary design, the dominant plasma properties believed to be important in the propellant combustion
process are the energy, mass and velocity of the plasma entering the combustion chamber. These
properties are shaped by the delivery of current from the PFN, Although the quantitative effects of
variation of plasma mass, energy, and velocity on the combustion process are not known, it is of interest
to determine the coupled effects of variation in the PFN and plasma cartridge geometry on the state of the
plasma. These parametric relationships serve as a basis for design considerations.

In addition, it has been observed experimentally that unprogrammed changes in the coupled
PFN-plasma subsystem occur which may affect the IB cycle. Shown in Figure 2 are power histories from
ten 30-mm repeatability shots using a rear plasma capillary, and shown in Figure 3 are the electrical
energy histories (integral of the power history) for the same series (FMC Corporation, Contract
#DAAA21-88-C-0271). The repeatability series forms a sequence of shots in which the initial conditions
are carefully controlled and all inputs are intended to be identical. However, the electrical energy variation
in the plasma cartridge is seen to be 7%. For this series, the difference in maximum pressure is 13.3%
and the muzzle velocity variation is 2.5%. The results are considered encouraging, although they do not
meet the criteria of 0.5% standard deviation in muzzle velocity required for decision point 1 under the
Electrical Enhancement Factor (EEF) ETC follow-on contracts (1991).

Under the current Army ETC cartridge development contracts (Oberle, privatc communication), the

contractor is responsible for meeting the decision point criteria with a cantridge design consisting of the
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plasma integrated into a propellant. The contractor is not responsible for the development and reliability
of the power supply. Based on experimental data such as that shown in Figures 2 and 3, it might be
expected that variation may occur in the PFN itself which may affect the plasma properties, subsequently
affecting the interior ballistic cycle. If variability in the IB cycle can be directly related 1o variability in
the PFN, then ballistic results in terms of pressures and muzzle velocity will need to be viewed in the
context of the delivery of electrical energy.

Thus, the work presented in this paper has two objectives: (1) determine the sensitivity of the plasma
properties to variations in the PFN; and (2) parametrically develop guidelines for modifications of plasma
properties by changes in the PFN and geometry of the p:asma cartridge. To accomplich the objectives,
a coupled PFN-plasma cartridge model has been developed. The model is applied to and validated against
the experimental fixture at the Ballistic Research Laboratory (BRL). Parametric variations of input to the
PFN and geometry of the plasma cartridge are examined for the effect on the plasma properties.

2. PFN MODEL DESCRIPTION

The PFN model was developed by simulating the five-stage, 130-kJ PFN network in the ETC facility
at BRL. The network consists primarily of five series of high energy capacitors, ignitrons, inductors, and
resistors. Each module is triggered independentiy. The modules are connected directly to the anode and
the cathode uf the plasma capillary or to a fixed-metallic resistance, as shown in Figure 4.

In this circuit, the capacitors serve as energy storage and are clamped by the diodes to protect the
capacitors from voltage reversals. The ignitrons are used as timed closing switches. The timed firing of
the ignitrons and the characteristics of the resistor, induction, and capacitor (RIC) circuit change the shape
and the duration of the current pulse. When the switch closes, the network is a voltage-fed network, and
it becomes a current-fed network when the dicde starts to conduct. The initially stored energy is equal
to one-half of the total amount of capacitances in the circuit multiplied by the square of initial voltage
charges across the capacitors,

E=_XYCV:. (1
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The resultant current pulse through the load depends on the initial voltage charge across each
capacitor, the values of capacitance, inductance, load resistance, and the closing times of the switches.
To simplify the circuit analysis, it is assumed that there is no thermal effect on the network components.
The capacitor is treated as a pure capacitor in series with a small resistor and an inductor; the inductor
as in series with a small resistor, and the diode as in series with a resistor. The equations which are used
in this PFN model are divided into two cases: (1) the circuit as a voltage fed-network; and (2) the circuit
as a current-fed network.

Casc 1: The circuit is a voltage fed network with cach module treated as a simple loop RLC circuit.

The analysis of the circuit is based on the following equations. According to Kirchoff's law,
Vi + Vi + Vi + Vi =0 (2)

where V is voltage and the subscripts refer to the capacitance of the capacitor (ci), sum of the inductances

(%), and sum of resistances (ri) in ith module, and the current of each module is
I,=1,=1. (€)]

Voltage across the capacitor can also be defined as

[4]

Y 4
1% = @)

where Q is the charge of the capacitor. The current through the capacitor is given by

av
,=1=% .¢cl4, ©)
dt dt

and the voltage across the inductance is defined by



=
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The voltage across the load is given by

s
Vied = Riei s = Rlod._.Elli .

Substituting Equations 4, 5, 6, and 7 into Equations 2 and 3, and rcarranging gives

and

s
V,+ Rl +R LI

is}

L,

These two differential equations form the primary equations used in the PFN model.

(6)

¢

®

)

Case 2: Current fed network, the circuit after the diode starts to conduct. It is assumed that the small

current through the capacitor can be neglected, and the equations in this case are

Vy+V,+V,+V =0

and

S
V,+RI +R,, Xl

i is]

dt L,

where Vd is forward diode voliage.

(10
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The plasma capillary model is a one-dimensional, steady-state, isothermal model which solves the
basic magnetohydrodynamic conservation equations for the nonideal plasma, calculates the plasma
conductivity, its ionization state, and approximate pertinent equations of state (Powell and Zielinski).
Since the plasma model has a free boundary on the combustion chamber side, a "choked flow" assumption
is utilized at the nozzle. That is, it is assumed that mass exits the nozzle at the local sound speed of the
plasma.

Consequently, the linked PFN-plasma model is a feedback system where the output conductivity of
plasma is used to calculate the input load resistance of the PFN. The output of the PFN model, which

is the current across the capillary, is the input of plasma model.

3. MODEL VALIDATION

A comparison of the diagnostic data and model current output is carried out for both fixed-metallic
load and plasma load. These experimental data were taken in September 1990 at BRL with the PFN
shown in Figure 4 (Katulka, Burden, and Zielinski 1990). The rate of change of current through the load
was measured by using a Rogowski probe. Due to the lack of information about the resistances and
inductances of capacitors, they are assumed to be zero in the calculations.

With constant load (Table 1), the percent differences between the peak currents and the predicted

results for the two experimental sets examined are 2% and 4%, considered to be reasonable agreement.

Table 1. Comparison With Experiment for Constant Load

| Set #1 | Set #2
e
Initial voltage charge (KV) 1.0/C1-5 2.0/C1,3.0/C2-5
Total initial energy (kJ) 14 11.3
Switch closing times (s) 0,180,270,497,641 0,180,270,497,641
Load resistance (mQ) 35 35
Experimental max. current (KA) 9.9 32.1
Model max. current (KA) 10.1 30.8
Difference +2% -4%




In the case of a plasma capillary load, the coupled PFN-plasma model is run under the assumption
of choked flow. The differences of peak currents for the two experimental data sets examined are 3% and
9% as shown in Table 2. The reason for the larger discrepancy between the model and data in Set 2 in

Table 2 is not known.

Table 2. Comparison With Experiment for Plasma Load

Set #3 Set #4
Initial voltage charge (KV) 2.0/C1,4.0/C2-5 2.0/C1,3.2/C2-5
Total initial energy (kJ) 19.5 12.8
Switch closing times (ps) 0,180,270,497,641 0,280,370,597,741
Capillary length (mm) 52.75 52,75
Capillary diameter (mm) 12.3 9.625
Experimental max. current (KA) 46.6 25.5
Model max. current (KA) 48.2 27.7
Difference +3% +9%

The current vs. time curves of the diagnosiic record and the corresponding simulation for a constant

load and a plasma load show good agreement as shown in Figures S and 6.
4. PARAMETRIC VARIATION

In order to evaluate the coupling between the PFN and the plasma capillary and the corresponding
effect on plasma properties, the data set used for the validation in Section 3 was choscn as a baseline and
parametrically vaned. The data in Table 2, Set #3, with 19.5-kJ initial energy and with a capillary
52.75 mm long and 12.30 mm diamecter were varied with a percentage change in (1) the initial voltage
charge; (2) the capillary diameter; (3) the capillary length; and (4) the combination of changes in the
diameter and the length of the plasma capillary in opposite directions. Thus, a change of +10% indicates
an increase of 10% over the baseline in one initial condition with all other conditions the same as the
baseline. A change of +10% in (4) indicates that the length increased by +10% and the diameter
decreased by -10% over the baseline base. Corresponding changes in plasma properties examined were:
(1) the load resistance at maximum current; (2) the maximum plasma current; (3) the total dissipated
energy of the capillary; (4) the total plasma mass exit; and (5) the pressure at the end of capillary. The

results are shown in Figures 7-11.
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As indicated in Figures 7-11, the change in the initial voltage charge of the power supply is the most
important factor, influencing all the important properties of plasma. The current across the load increases
nearly linearly with the increase of the initial voltage charge across the capacitors (Figure 8). Voltage
increases cause an increase in plasma temperature and plasma conductivity (Figure 7), consequently
causing an increase in plasma current (Figure 8) and in the dissipated energy (Figure 9). Total plasma
mass through the nozzle (Figure 10), and the breech pressure (Figure 11) also increase because the
ablation rate increases with the temperature,

In the case of changing the capillary radius, the analysis is more complicated. The simulation output
shows that the plasma properties are more sensitive to the changes in the radius than changes in the length.
When the radius decreases 30%, the resistance of plasma at maximum current increases about 70%
(Figure 7) and the breech pressure (Figure 11) increases 100%. Meanwhile, dissipated energy (Figure 9)
and total plasma mass exit from the capillary (Figure 10) show insignificant change. However, when the
capillary length increases, the plasma resistance linearly increases (Figure 7), with a resulting decrease in
maximum current (Figure 8) across the capillary. The total dissipated energy (Figure 9) and the breech
pressure (Figure 11) change only slightly from baseline in this case, However, the total mass exit
(Figure 10) shows an increase of approximately 15% when the length increases 30%.

The worst case of changes in the resistance and the pressure should occur for the case when the radius
increases and the iength decreases or vice versa. if the radius decreases 20% and the length increases
20%, the resistance (Figure 7) increases about 80% and the pressure (Figure 11) increases about 60%.
However, in this case the total mass exit (Figure 10) and total energy show only a slight change.

5. CONCLUSIONS

A coupled PFN-plasma capillary model has been developed for the experimental fixture at BRL. The
model agrees well with baseline experimental data both for a fixed load and plasma load. Parametric
variation of various input parameters suggest that, compared to the baseline:

(1) otal plasma dissipated energy and mass are most sensitive to changes in initial voltage;

(2) tctal piasma dissipated energy and mass are not strongly affected by changes in the plasma

capillary geometries considered;

12



(3) changes of 5% variation (on the order observed in the experimental firings) in the initial
voltage yield changes of 9% in total plasma dissipated energy and 7% in total plasma mass at the

exit; and
(4) pressure at the nozzle is strongly affected by both initial voltage and capillary radius.
The effect on gun performance (in terms of maximum pressure and muzzle velocity) of the coupling of

variations in plasma mass, energy and momentum with an energetic propellant was not investigated and

remains a subject for future investigation.
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